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ABSTRACT
While extensively studied for heating rates below 1.7 K/s and above 1000K/s, the solid-state phase transformations in Al/Ni reactive multi-
layers have not been examined at intermediate heating rates between 100K/s and 1000K/s. Combined nanocalorimetry and time-resolved
synchrotron x-ray diffraction studies are utilized to address this range of heating rates for multilayers with an overall composition of 10 at. %
Ni and a bilayer thickness of 220 nm. It was found that a two-stage phase formation of Al3Ni proceeds up to a heating rate of 1000K/s. The
two growth stages occur in the solid-state and are kinetically separated. The activation energy of the first growth stage is determined to be
137 kJ/mol, which agrees well with the literature data at low heating rates. At 1000K/s, a transition to a runaway reaction is observed.
Unusual for metallic multilayers, the reaction proceeds completely in the solid-state which is also known as “solid flame.” Using nanoca-
lorimetry, a critical input power density for ignition of 5.8  104 W/cm3 was determined. The rapid succession of the two Al3Ni formation
stages was identified as the underlying mechanism for the self-sustaining reaction.
VC 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0011338
Solid-state reactions in metallic nanopowders and multilayers
have been studied for many years.1,2 One prominent example is the
metal/Al reaction.3,4 The understanding is crucial in various fields
such as microelectronics,5 the fabrication of micro- and nano-compo-
sites,6 or nanostructured reactive materials.7 Typical applications, like
rapid soldering8,9 and the synthesis of high-temperature materials,10
exploit the exothermic reactions at the interfaces, including interdiffu-
sion and phase transformation.11 Fundamentally, nanoscale multi-
layers are used to explore solid-state reactions employing methods
such as differential scanning calorimetry (DSC), transmission electron
microscopy,12,13 or x-ray diffraction (XRD).14 The initial state with
steep concentration gradients at the metal/Al interfaces is metastable.15
Numerous studies on binary Al-based systems observed phase selec-
tion where one particular phase, mostly the most Al-rich one, forms
first,3,16,17 suggesting nucleation barrier minimization as the rate-
limiting process.15 The Al/Ni system is one of the most intensively
studied systems.18–23 During slow heating with maximal 1.7K/s,
Al9Ni2
4,11,20,24 or Al3Ni
21,25–27 appears first depending on fabrication,
overall stoichiometry, and bilayer thickness (K). The formation of
Al3Ni often occurs in two stages.
1,4,21,25,28 Nucleation and growth
along the interfaces precedes the growth perpendicular to the interfa-
ces. Experiments using DSC reveal two characteristic exothermic
peaks demonstrating the kinetic separation of the two stages pointing
to the relevance of nucleation barriers.25 Although only little investi-
gated, Al3Ni is also the first phase to form under high heating rates up
to 105 K/s.13,29
The solid-state reaction may turn into a runaway reaction under
sufficiently high heating rates. The reaction power related to exother-
mic heat release by interdiffusion and phase formation increases with
the heating rate and starts to overcompensate the heat losses to the
surrounding once a critical heating rate is achieved. The reaction
becomes self-sustaining where no external heating is required for reac-
tion progress.30 During self-sustaining reactions, temperatures are usu-
ally above the melting temperature of Al and the transformation
proceed at a liquid-solid interface.31 Contrasting the solid-state reac-
tions, the reactions during the runaway are not fully elucidated.31–33
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Solid-state reactions, including interdiffusion and phase nucleation,
potentially initiate the runaway reaction, which accelerates once a liq-
uid Al/solid Ni interface forms.31 Only recently, we were able to eluci-
date the nature of the evolving phases.14 For ignition with 5000K/s,
the heat of mixing released by interdiffusion is sufficient to initiate the
reaction. Hence, the solid-state phase selection observed during slow
heating does not seem to be critical for the runaway reaction ignited
with heating rates> 5000K/s.
Interestingly, it was recently experimentally verified34–36 that run-
away reactions may also proceed in the solid state, sometimes called as
ideal solid flame. The melting points of the reactants and products
have to be higher than the adiabatic reaction temperature. Hence, it is
ambiguous whether systems with a low-melting metal, such as Al/Ni,
are able to show a solid-state runaway. In fact, few studies were able to
infer reactions in the solid flame regime for Al/Ni powders.36,37
While extensively studied at low and high heating rates, there is a
gap in understanding of the reactions under intermediate heating rates
between 1.7K/s and 1000K/s. However, the transition from solid-state
to runaway reactions occurs in this unexplored heating rate regime.
Questions regarding the transformation behavior in this heating rate
regime and its role for the transition from solid-state to runaway reac-
tions are so far unanswered impeding the development of a mecha-
nism based knowledge. The current study provides answers to these
questions. We use Al/Ni multilayers as model materials to develop a
mechanism for the transition from solid-state to runaway reactions
when heating rates are increased. It is found that the two-stage forma-
tion of Al3Ni proceeds at heating rates above 100K/s as well as under
runaway conditions. For 1000K/s, the solid-state reaction turns into a
“solid flame”34,35 which is reported for the first time for nanoscale Al/
Ni multilayers.
Al/Ni multilayers with a thickness of 2lm were DC-magnetron
sputtered from pure Al (>99.995%) and Ni (>99.95%) targets. The
nominal overall composition and the bilayer thickness was 10 at. % Ni
and 220 nm, respectively. The sputter rates were 21 nm/min for Al and
39 nm/min for Ni. The chamber base pressure was< 2 104Pa, and
high purity argon (>99.999%) was used as sputter gas. The multilayers
were deposited on nanocalorimeter sensors to heat and thermally ana-
lyze the reactions. Nanocalorimetry is a chip-based calorimetry tech-
nique, which allows for the quantification of heat release from the
interface reactions of thin films under heating rates < 106 K/s.38–40
Reaction power and heat losses are measured during heating enabling
us to quantify ignition. For in situ structural analysis, nanocalorimetry
was combined with time-resolved synchrotron x-ray diffraction at the
X04SA powder diffraction beamline of the Swiss Light Source (SLS) of
the Paul Scherrer Institute (PSI, Villigen, Switzerland).41 A beam
energy of 12.6 keV (0.984 Å) and a spot size of 500  500 lm2 was
used in transmission. The diffracted signal was captured with a PSI
developed 2D single photon counting area detector (Eiger 500k)42,43
with an acquisition rate between 400 and 5000Hz. Details can be
found in our previous study.14
Al/Ni multilayers were heated with 100K/s, 500K/s, and 1000K/s,
as shown in Fig. 1(a). Two well separated exotherms for the 100-
and 500-K/s-experiments indicate phase transformations. In the
case of 100K/s, the peak onset is at 343 C, while the second peak
starts at 407 C. These peaks are substantially more pronounced
for heating with 500K/s due to the increased reaction power _Qrct
compared to 100K/s. The peak onset of the first and second peak
shifts with heating rate by þ38 C and þ24 C, respectively, which
is typical for nucleation and growth processes. For the 1000-K/s-
experiment, the two peaks merge to one pronounced temperature
peak with a low-temperature shoulder between 400 C and 500 C
[compare inset of Fig. 1(a)]. The corresponding _Qrct signal shown in
Fig. 1(b) exhibits the separation of the two exothermic peaks,
enabling us to denote two stages. In addition, we observe a tempera-
ture increase of 255 C within 40ms, suggesting a transition from a
solid-state to a runaway reaction.
To prove the presence of a runaway reaction for 1000K/s, we
consider that a runaway reaction is self-sustaining and deduce the
mandatory criterion _Qrct > _Qloss, where _Qloss denote the heat losses.
_Qrct and _Qloss are plotted in Fig. 1(b). _Qrct > _Qloss is fulfilled for
temperatures> 550 C confirming a self-sustaining reaction. The criti-
cal input power density for ignition is 5.8  104 W/cm3 which is in
reasonable agreement with literature values for Al/Ni multilayers.31,32
Noticeably, the runaway reaction is a solid-state reaction since the
maximal temperature of 650 C is below the melting temperatures of all
reactants and products (Al¼ 660 C, Al3Ni¼ 845 C, and Ni¼ 1455 C).
To the authors’ knowledge, this is the first time that a solid-state runaway
reaction is observed for metallic multilayers. This contrasts observations,
where the runaway is ignited in the solid state and proceeds by the pres-
ence of a liquid phase at rates 5000K/s.14,31,44,45 The presence of a liquid
phase is usually considered as a necessary condition for runaway reactions
because the intermixing rates are significantly enhanced.46
FIG. 1. (a) Temperature vs time measured by nanocalorimetry for the indicated
heating rates. The inset reveals a shoulder in the signal which occurs when the
specimen is heated with 1000 K/s. The triangles indicate temperatures, where x-ray
diffractograms were taken as shown in Fig. 3(a). (b) The power contributions of the
1000-K/s-experiment in (a). The reaction power _Qrct (solid line) starts to overcom-
pensate for the heat losses _Q loss (dashed line) for temperature> 550 C indicating
a runaway reaction.
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Next, we analyze the underlying phase transformation. Figure 2
shows variations in temperature and heating rate for 500K/s. The
time-resolved x-ray diffraction data are plotted in the lower part of
Fig. 2 and relate the temperature evolution to the phase transforma-
tions of the sample. Based on the ICSD database,47 a peak of Al
(2hAl(111) ¼ 24.11) and an overlapping Al þ Ni peak (2hAl(111),Ni(200)
¼ 27.95) were identified for the course of the reaction corroborating
the solid-state transformations [see Fig. 3(a)]. During the first exother-
mic peak at 385 C, diffraction peaks of the Al3Ni phase start to
appear. The corresponding peak intensity qualitatively grows in two
stages, denoted as stage I and stage II, with a substantial increase dur-
ing the second exothermic peak in the temperature signal.
Simultaneously, the intensity of the superimposed Ni þ Al peak
decreases, which we attribute to the consumption of Ni and Al with
reaction progress. Hence, whereas nanocalorimetry reveals two kineti-
cally separated exothermic solid-state reactions, the time-resolved dif-
fraction experiment identifies the growth of only one compound,
namely, Al3Ni.
To visualize the exclusive growth of Al3Ni, Fig. 3(a) plots the in
situ recorded diffractograms after the first and second exothermic
peak in the nanocalorimetry experiment [compare Fig. 1(a)]. In addi-
tion to the elemental peaks, only XRD peaks of the Al3Ni phase can be
identified. Independent of the heating rate, Al3Ni peaks are present
after the first exothermic peak and grow in intensity after the second
one. The Al peak at 23.86 is permanently present for all heating rates.
Since Al is the reactant with the lowest melting point involved, we con-
clude that all reactions take place in the solid-state of the sample. This
corroborates that a runaway reaction like observed at 1000K/s is not
limited to the liquid state, but it can also occur in the solid-state of Ni/
Al. For more detailed insights into the growth behavior of Al3Ni, we
calculated the temporal evolution of the integrated peak intensity as a
sum of the Al3Ni-peaks in the range of 13.78–18.51 and 21.93,
22.81, 25.73, 26.05, and 30.19. Figure 3(b) plots the normalized
integrated intensity IAl3Ni as a function of the normalized time. For the
100-K/s- and 1000-K/s-experiments, Fig. 3(b) reveals a change in the
IAl3Ni increase indicating a transition in the phase growth rate at 0.5
and 0.32, respectively. For the 500-K/s-experiment, a plateau of IAl3Ni
at 0.6 is observed. Hence, the IAl3Ni evolution suggests the effects of the
heating rate on the Al3Ni growth kinetics. As shown in Fig. 1(a), the
heating rate is almost constant for the 100-K/s-experiment with no
additional temperature rise due to the solid-state reaction. This results
in a continuous growth of Al3Ni in stage I. The transition from an
interfacial growth at the Al/Ni interface (stage I) to a growth perpen-
dicular to the interface (stage II) is indicated by a change in the
slope at 0.5 shown in Fig. 3(b). The growth behavior changes when
the heating rate is increased to 500K/s. The Al3Ni formation between
0 < IAl3Ni < 0.4 results in an enhanced reaction power at 500K/s,
causing the pronounced temperature increase of 38 C [see Fig. 1(a)].
Assuming an Arrhenius dependency of the phase growth kinetics, the
temperature increase accelerates the Al3Ni growth along the interfaces
which is quickly saturated and creates the plateau in IAl3Ni. Before stage
II is initiated at 450 C, there is only minor phase formation. Based
on the transition in the IAl3Ni evolution, the results for 100K/s
and 500K/s allow us to estimate that stage I is completed for 0.5
FIG. 2. Top: temperature (blue) and heating rate (black) for Al/Ni multilayers heated
with 500 K/s. Bottom: corresponding in situ x-ray diffraction (XRD) signal. The indi-
vidual stages are marked in red. The Pt peak (2hPt(111) ¼ 24.84) is generated by
the nanocalorimetry sensor.
FIG. 3. (a) Individual diffractograms recorded during the time-resolved experiments
for 100 K/s (red), 500 K/s (blue), and 1000 K/s (black). The temperatures, where the
diffractograms were recorded, are marked with triangles in Fig. 1(a). A representa-
tive diffractogram of an as-deposited sample is shown in gray. (b) Normalized inte-
grated intensity IAl3Ni for the Al3Ni peaks vs normalized heating time. The inset
shows IAl3Ni of the solid-state runaway.
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< IAl3Ni < 0.6. Under 1000K/s, we observe the transition already at
0.32, suggesting the incomplete transition of stage I. The early stages of
nucleation and growth release enough reaction power to increase the
temperature above 550 C and to initiate stage II before stage I is com-
pleted. We note that ignition (compare dashed line) occurs when 0.5
phase formation is observed, which points out that the two-stage
mechanism can contribute to a runaway reaction in the solid-state.
This transition from a solid-state to a solid-state runaway reaction at
elevated heating rates expands the knowledge from low heating rates
below 1.7K/s.4,21,25,28,48,49
In order to prove whether the observed two-stage growth of
Al3Ni is governed by interfacial nucleation and growth (stage I) fol-
lowed by growth perpendicular to the interfaces (stage II),48 a kinetic
analysis of stage I was performed. As the heating rate b is increased,
the corresponding shifts in the peak temperature TP in Fig. 1(a) are
used to create a Kissinger plot (ln b
TP2
 
 vsT1P ), as shown Fig. 4.
The activation energy is deduced from the slope of the Kissinger plot.
Complementary published data on Al3Ni nucleation and growth along
the interfaces determine an activation energy of 137 kJ/mol for heat-
ing rates< 1.7K/s (indicated by the dashed line).4,25 The data of the
present study are in reasonable agreement with the kinetic analysis in
the literature. Hence, we conclude that Al3Ni nucleation and its
growth along the interfaces presumably dominates in stage I up to at
least 500K/s. Since the completion as well as a kinetic separation of
stage I is not observed for the solid-state reaction under 1000K/s, we
included the data for completeness.
In summary, we combined nanocalorimetry with time-resolved
synchrotron x-ray diffraction to explore phase transformations in Al/
Ni multilayers for heating rates of 100K/s, 500K/s and 1000K/s. The
results are summarized as follows:
• For all considered heating rates, Al3Ni is the only phase formed.
The thermal and structural analysis reveals that phase formation
occurs in two kinetically separated stages in the solid state up to
a heating rate of 1000K/s. The kinetic analysis of the phase
formation under 100K/s and the 500K/s suggests that the two-
stage mechanism comprises nucleation and growth along the
interface, succeeded by phase growth perpendicular to the inter-
faces. This is in good agreement with the literature data observed
for 1.7 K/s.
• For 1000K/s, the kinetic separation in the nanocalorimetry data
is less pronounced, suggesting that the rapid succession of both
Al3Ni formation stages leads to a runaway reaction. This run-
away proceeds completely in the solid state and shows similarities
to the solid flame phenomenon, which is observed for the first
time in metallic multilayers.
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